Suspensions and emulsions are prone to kinetic instabilities of sedimentation and creaming, wherein the suspended particles and droplets fall or rise through a matrix fluid. It is important to understand and quantify sedimentation and creaming in such dispersed systems as they affect the shelf-life of products manufactured in the form of suspensions and emulsions. In this article, the unhindered and hindered settling/creaming behaviors of conventional emulsions and suspensions are first reviewed briefly. The available experimental data on settling/creaming of concentrated emulsions and suspensions are interpreted in terms of the drift flux theory. Modeling and simulation of nanoparticle-stabilized Pickering emulsions are carried out next. The presence of nanoparticles at the oil/water interface has a strong influence on the creaming/sedimentation behaviors of single droplets and swarm of droplets. Simulation results clearly demonstrate the strong influence of three-phase contact angle of nanoparticles present at the oil/water interface. This is the first definitive study dealing with modeling and simulation of unhindered and hindered creaming and sedimentation behaviors of nanoparticle-stabilized Pickering emulsions. Fluids 2019, 4, 186 2 of 22
Introduction
Emulsions and suspensions form a large group of materials of industrial importance [1] . In suspensions, the dispersed phase consists of fine insoluble solid particles whereas in emulsions the dispersed phase consists of fine immiscible liquid droplets. In conventional emulsions, the dispersed droplets are stabilized against coalescence by the presence of surfactant at the oil-water interface. Pickering emulsions are a special class of emulsions where the dispersed droplets are stabilized against coalescence by solid nanoparticles which accumulate at the oil-water interface and provide steric barrier against intimate contact and coalescence between approaching droplets [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Thus Pickering emulsions are surfactant-free (see Figure 1 ). As Pickering emulsions are free of surfactants, they can replace conventional emulsions in household and personal care products where surfactants are known to exhibit adverse effects such as skin and eye irritation [5, 12] . Due to outstanding properties of Pickering emulsions, there has been a rapid growth of interest in such systems recently . In interfacial catalysis, the solid nanoparticles placed at the oil-water interface can be used to serve the dual purpose of catalyst and emulsion stabilizer [22] [23] [24] [25] [26] . Furthermore, chemical reactions can be carried out simultaneously in both aqueous and non-aqueous phases by placing solid catalyst nanoparticles at the oil-water interface [22] [23] [24] [25] [26] . Figure 2 shows a cryo-SEM image of an aqueous droplet of Pickering emulsion covered with silica nanoparticles [35] . The cryo-SEM image shows that the silica nanoparticles present at the interface are closely packed and they form a shell on the droplet. Sedimentation and creaming, wherein particles or droplets fall or rise through a fluid in which they are suspended under the influence of gravity, is a common occurrence in suspensions and emulsions [36, 37] . Sedimentation and creaming are usually undesirable as they affect the shelf-life of the product. According to some estimates [37] , nearly 40% of the cost of developing a new food emulsion product is incurred in testing of the shelf-life. Creaming and sedimentation are kinetic Schematic representation of conventional surfactant-stabilized and Pickering nanoparticle-stabilized oil-in-water (O/W) emulsions (Adapted with permission from [11] ). nanoparticles are preferentially wetted by the aqueous phase. In such situations, oil-in-water (O/W) type of emulsions are favored. When the contact angle is greater than 90°, the nanoparticles are relatively more wetted by the oil phase [10] . In such situations, water-in-oil (W/O) emulsions are favored. A large variety of nanoparticles, inorganic and organic, exhibit partial wetting characteristics [3] [4] [5] [6] [7] [8] 18] and hence are suitable for stabilization of emulsions. [35] ).
Sedimentation and creaming, wherein particles or droplets fall or rise through a fluid in which they are suspended under the influence of gravity, is a common occurrence in suspensions and emulsions [36, 37] . Sedimentation and creaming are usually undesirable as they affect the shelf-life of the product. According to some estimates [37] , nearly 40% of the cost of developing a new food emulsion product is incurred in testing of the shelf-life. Creaming and sedimentation are kinetic For nanoparticles to adsorb at the oil-water interface, it is necessary that the nanoparticles are partially wetted by both water and oil phases. Thus three-phase contact angle of nanoparticles is important [2] [3] [4] [5] [6] [7] [8] [9] [10] . If the contact angle measured through the aqueous phase is less than 90 • , the nanoparticles are preferentially wetted by the aqueous phase. In such situations, oil-in-water (O/W) type of emulsions are favored. When the contact angle is greater than 90 • , the nanoparticles are relatively more wetted by the oil phase [10] . In such situations, water-in-oil (W/O) emulsions are favored. A large variety of nanoparticles, inorganic and organic, exhibit partial wetting characteristics [3] [4] [5] [6] [7] [8] 18] and hence are suitable for stabilization of emulsions. Sedimentation and creaming, wherein particles or droplets fall or rise through a fluid in which they are suspended under the influence of gravity, is a common occurrence in suspensions and emulsions [36, 37] . Sedimentation and creaming are usually undesirable as they affect the shelf-life of the product. According to some estimates [37] , nearly 40% of the cost of developing a new food emulsion product is incurred in testing of the shelf-life. Creaming and sedimentation are kinetic instabilities that not only affect the uniformity (uniform distribution of droplets) of the product, they are also precursors to thermodynamic instabilities [38] . For example, a creamed oil-in-water emulsion consisting of a concentrated layer of oil droplets at the top of the sample tends to coalesce (thermodynamic instability) faster due to close proximity of oil droplets in the creamed layer. Thus a good understanding of the sedimentation and creaming behaviors of emulsions and suspensions is important in the formulation, handling, processing, and storage of such dispersed systems.
The objectives of this work are as follows: (a) to briefly review the unhindered and hindered settling/creaming behaviors of conventional emulsions and suspensions; (b) to interpret the existing hindered settling/creaming experimental data on conventional emulsions and suspensions in terms of the drift flux theory; (c) to develop a new model for unhindered and hindered settling/creaming of nanoparticle-stabilized Pickering emulsions; and (d) to simulate the settling/creaming behavior of Pickering emulsions using the proposed model.
Theoretical Background

Settling of a Single Rigid Particle
Consider a rigid particle of mass m settling in a liquid matrix under the action of a gravitational force. The forces acting on the particle are: gravity force (F G ), drag force (F D ), and buoyancy force (F B ). Thus the net force acting on the particle in the downward direction is:
The gravitational force F G on the particle is equal to mg, the drag force F D on the particle is equal to C D A p ρU 2 /2 , where C D is the drag coefficient and A p is the projected area of the particle measured in a plane normal to direction of motion of particle (for spherical particle, A p = πR 2 ), and the buoyancy force F B on the particle is equal to weight of the fluid displaced by the particle, that is, F B = mρg/ρ p where ρ p is particle density. Thus:
Under steady state condition (dU/dt = 0), the particle settles at a constant velocity called the terminal velocity. Thus:
For spherical particles: m = πD 3 p ρ p 6 and A p = This leads to the following settling velocity of spherical particles:
The drag coefficient is a function of the particle Reynolds number (Re p ), defined as:
For creeping flow around a spherical particle (Re p < 0.1), C D is given by the Stokes Law as:
Upon substitution of the expression for C D into Equation (6), the following expression for the terminal settling velocity of spherical rigid particles is obtained:
Settling of a Swarm of Particles (Hindered Settling)
In the preceding section, the settling behavior of a single rigid particle in quiescent fluid is discussed. In practical applications, sedimentation of a swarm of particles is important. Due to hydrodynamic interactions between the neighboring particles, the settling velocity of a swarm of particles is hindered or slower. When a swarm of particles settle, the suspending medium fluid moves upward in order to compensate for the settling of particles (see Figure 3 ). Due to the backflow drag on the particles, the particles settle at a velocity lower than that of an isolated article. The drag coefficient is a function of the particle Reynolds number (Re ), defined as:
For creeping flow around a spherical particle (Re < 0.1), is given by the Stokes Law as:
Upon substitution of the expression for into Equation (6), the following expression for the terminal settling velocity of spherical rigid particles is obtained:
In the preceding section, the settling behavior of a single rigid particle in quiescent fluid is discussed. In practical applications, sedimentation of a swarm of particles is important. Due to hydrodynamic interactions between the neighboring particles, the settling velocity of a swarm of particles is hindered or slower. When a swarm of particles settle, the suspending medium fluid moves upward in order to compensate for the settling of particles (see Figure 3 ). Due to the backflow drag on the particles, the particles settle at a velocity lower than that of an isolated article. The relative decrease in the settling velocity of particles in a dilute suspension is proportional to , the volume fraction of particles, and is given as: The relative decrease in the settling velocity of particles in a dilute suspension is proportional to φ, the volume fraction of particles, and is given as:
where U p is the settling velocity of particles in a suspension of concentration φ. Equation (10) can be re-written as:
Assuming the spatial distribution of particles to be random, Batchelor [39] theoretically found the value of α to be 6.55. The linear relationship, Equation (11), is valid only at low concentrations (φ < 0.05). At high particle concentrations, the hindrance effect becomes more pronounced and the relationship becomes non-linear. A number of empirical and semi-empirical correlations have been proposed in the literature to describe hindered settling of particles at high particle concentrations. The most popular ones are due to Richardson and Zaki [40] and Garside and Al-Dibouni [41] . The Richardson and Zaki correlation is given as:
where n is a function of particle Reynolds number Re p . For low Re p (Re p < 0.2), n = 4.65. The Garside and Al-Dibouni correlation is given as:
where A = ε 4.14 , B = 0.8ε 1.28 (when ε ≤ 0.85), B = ε 2.65 (when ε > 0.85), ε is volume fraction of fluid, and U R is defined as:
In the limit Re p → 0 , Equation (13) reduces to:
This equation has the same form as that of the Richardson and Zaki equation, Equation (12), with a different value of n. Al-Naafa and Sami-Selim [42] proposed the following equation to describe their data on sedimentation of monodisperse suspensions:
In the limit φ → 0 , Equation (16) reduces to Batchelor's equation, Equation (11) with α = 6.55.
Drift Flux Theory and Re-Interpretation of Existing Hindered Settling Data
Drift Flux Theory
The drift flux theory is used widely in the analysis of two-phase flows when the two phases move with different velocities. For example, it can be used to predict the in-situ gas hold up in bubbly gas-liquid two-phase flows from the knowledge of superficial gas and liquid velocities, bubble size, and fluid properties. The drift flux theory can be readily applied to sedimentation of particles in non-dilute suspensions. The advantage of the drift flux theory is that it can applied to both batch sedimentation and continuous sedimentation of suspensions. Note that in batch sedimentation there is no net motion of suspension, that is, the particles and the matrix fluid move in opposite directions such that the net suspension velocity is zero with respect to a stationary observer. In continuous sedimentation, the suspension has a net motion with a non-zero net velocity with respect to a stationary observer.
Consider a suspension of solid particles in Newtonian liquid. The drift velocity of solid particles, denoted as → U pm , is defined as:
where → U p is the particle velocity and → U m is the mixture (suspension) velocity with respect to a stationary observer. Thus the drift velocity of a particle is the velocity of a particle relative to an observer moving with the suspension velocity → U m . The suspension velocity → U m can be expressed as:
where → J p is the volumetric flux of particles and → J l is the volumetric flux of liquid phase. The volumetric fluxes are related to particle and liquid velocities as follows:
where → U l is the liquid phase velocity. From Equations (17) and (18), it follows that:
Substituting the relations for → J p (Equation (19)) and → J l (Equation (20)) into Equation (21), we obtain:
where → U s = → U p − → U l is the slip velocity between the particles and the fluid (liquid).
The drift flux of particles, denoted as → J pm , is related to the drift velocity of particles → U pm as:
Substitution of Equations (21) into (23) yields:
From the knowledge of volumetric fluxes → J p , → J l and volume fraction of particles φ, one can calculate the drift flux using Equation (24) . Once the drift flux is known, the drift velocity → U pm can be calculated from Equation (23) and the slip velocity → U s can be calculated from Equation (22) . The drift velocity can be expressed as:
where → U 0 is the settling velocity of a single isolated particle in quiescent liquid and f (φ) is the hindered settling function of the form of Richardson and Zaki correlation. Thus,
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In the absence of any relative motion or slip between the particles and fluid, we have:
Under these conditions, the suspension flow can be treated as a homogeneous single-phase flow with average properties. In the present topic of discussion, that is, batch sedimentation of particles where there is no net flow of suspension, the following relations are applicable:
Re-interpretation of Existing Hindered Settling Data in Terms of Drift Flux Theory
According to the drift flux model, the normalized drift velocity (see Equation (25)) is a function of the concentration of particles or droplets. The normalized drift velocity U Dri f t,N can be expressed in scalar form as:
where the value of the exponent n needs to be determined from experimental data. For low particle Reynolds number, the Richardson and Zaki correlation gives n = 4.65. Two sets of experimental data on creaming (upward motion) of oil droplets in concentrated oil-in-water emulsions and four sets of experimental data on settling of particles in concentrated suspensions are considered to validate the drift flux model, Equation (33) . Table 1 provides the details of the emulsion and suspension systems considered here. The experimental data covers both creaming in emulsions and sedimentation in suspensions over broad ranges of droplet/particle concentration and sizes. Figure 4 shows the experimental data for emulsions and suspensions plotted as normalized drift velocity versus droplet or particle concentration (vol. %). Interestingly the experimental data for very different dispersed systems such as emulsions undergoing creaming effect (upward motion of oil droplets) and suspensions undergoing sedimentation effect (downward motion of particles), with very different droplet or particle sizes (see Table 1 ), show the same trend. However, there is a significant scatter of experimental data from one set to another. The likely cause for this scatter is the solvation of particles and droplets. The particles and droplets of dispersions become coated with thin layers or films of matrix fluid due to strong attractive interactions between the particle/droplet surfaces and the matrix molecules. The attractive interactions between the particle surface and matrix molecules are particularly important when the particles/droplets are electrically charged or the droplets are stabilized by surfactant (see Figure 5 ). layers or films of matrix fluid due to strong attractive interactions between the particle/droplet surfaces and the matrix molecules. The attractive interactions between the particle surface and matrix molecules are particularly important when the particles/droplets are electrically charged or the droplets are stabilized by surfactant (see Figure 5 ). The solvation films become part of the particles increasing their effective size and volume fraction. The effective volume fraction of solvated particles can be expressed as: layers or films of matrix fluid due to strong attractive interactions between the particle/droplet surfaces and the matrix molecules. The attractive interactions between the particle surface and matrix molecules are particularly important when the particles/droplets are electrically charged or the droplets are stabilized by surfactant (see Figure 5 ). The solvation films become part of the particles increasing their effective size and volume fraction. The effective volume fraction of solvated particles can be expressed as: The solvation films become part of the particles increasing their effective size and volume fraction. The effective volume fraction of solvated particles φ e f f can be expressed as:
where δ is the solvation layer thickness, R is the particle/droplet radius, and k s is the solvation coefficient. For a given solvation layer thickness δ, the solvation effect increases with the decrease in droplet/particle radius. Thus the solvation effect cannot be ignored in dispersions of small size particles. In order to take into account the effect of solvation of particles on creaming and sedimentation of particles, the volume fraction of un-solvated particles is replaced by φ e f f in the expression for normalized drift velocity:
Using the Richardson and Zaki n value of 4.65, one can estimate the solvation coefficient k s by re-arranging Equation (35) as:
According to Equation (36), the plot of U Dri f t,N 1/4.65 versus φ data is a straight line with a slope of −k s . Figure 6 shows the typical plots of U Dri f t,N 1/4.65 versus φ data. The data exhibit a linear relationship passing through (0, 1) with a slope of −k s . Table 2 summarizes the values of the solvation coefficient for different systems. The solvation coefficients are large in the case of electrostatically stabilized emulsions consisting of small size droplets. The experimental data for emulsions and suspensions are re-plotted in Figure 7 as normalized drift velocity versus effective volume fraction of particles/droplets (vol. %). Now the scatter in experimental data is reduced significantly and the following model describes the data adequately: The experimental data for emulsions and suspensions are re-plotted in Figure 7 as normalized drift velocity versus effective volume fraction of particles/droplets φ e f f (vol. %). Now the scatter in experimental data is reduced significantly and the following model describes the data adequately: Figure 8 shows the plot of normalized drift flux J dri f t,N as a function of effective dispersed-phase concentration φ e f f . The experimental data are compared with the following model for normalized drift flux:
where φ e f f = k s φ. The experimental data follow the drift flux model, Equation (38), reasonably well. In summary, the creaming and sedimentation experimental data obtained for a variety of different systems covering a broad range of particle and droplet sizes can be described adequately by the drift flux model, Equations (37) and (38) . In what follows, this drift flux approach is applied to modeling of creaming and sedimentation of Pickering emulsions.
Modeling and Simulation of Creaming and Sedimentation of Pickering Emulsions
Upward Rise and Downward Settling of A Single Pickering Emulsion Droplet
Consider a single Pickering emulsion droplet shown in Figure 9 . The droplet has a core-shell morphology with liquid core and a monolayer of packed nanoparticles as a shell. The droplet may rise (cream) or settle (sediment) depending on the difference between the effective density of droplet and the density of matrix fluid. In summary, the creaming and sedimentation experimental data obtained for a variety of different systems covering a broad range of particle and droplet sizes can be described adequately by the drift flux model, Equations (37) and (38) . In what follows, this drift flux approach is applied to modeling of creaming and sedimentation of Pickering emulsions.
Modeling and Simulation of Creaming and Sedimentation of Pickering Emulsions
Upward Rise and Downward Settling of a Single Pickering Emulsion Droplet
Consider a single Pickering emulsion droplet shown in Figure 9 . The droplet has a core-shell morphology with liquid core and a monolayer of packed nanoparticles as a shell. The droplet may rise (cream) or settle (sediment) depending on the difference between the effective density of droplet and the density of matrix fluid.
In summary, the creaming and sedimentation experimental data obtained for a variety of different systems covering a broad range of particle and droplet sizes can be described adequately by the drift flux model, Equations (37) and (38) . In what follows, this drift flux approach is applied to modeling of creaming and sedimentation of Pickering emulsions.
Modeling and Simulation of Creaming and Sedimentation of Pickering Emulsions
Upward Rise and Downward Settling of A Single Pickering Emulsion Droplet
Consider a single Pickering emulsion droplet shown in Figure 9 . The droplet has a core-shell morphology with liquid core and a monolayer of packed nanoparticles as a shell. The droplet may rise (cream) or settle (sediment) depending on the difference between the effective density of droplet and the density of matrix fluid. Figure 10 shows a schematic diagram of a Pickering emulsion droplet with relevant dimensions. The effective density of the Pickering core-shell droplet is different from that of the bare droplet due to loading of nanoparticles at the interface. The effective density of core-shell droplets can be calculated using the following approach assuming a monolayer of spherical nanoparticles present on the droplet surface. The number of particles loaded on the droplet is:
where R np is the radius of the nanoparticle, R * is the radius of spherical surface passing through the equator of nanoparticles (see Figure 10 ), β is the fraction of the surface area 4π(R * ) 2 occupied by the nanoparticles. For square packing of nanoparticles shown in Figure 11 , β = 0.785. For hexagonal packing (see Figure 12 ), β = 0.907. to loading of nanoparticles at the interface. The effective density of core-shell droplets can be calculated using the following approach assuming a monolayer of spherical nanoparticles present on the droplet surface. The number of particles loaded on the droplet is:
where is the radius of the nanoparticle, * is the radius of spherical surface passing through the 
where is the radius of the nanoparticle, * is the radius of spherical surface passing through the equator of nanoparticles (see Figure 10 ), is the fraction of the surface area 4 ( * ) occupied by the nanoparticles. For square packing of nanoparticles shown in Figure 11 , = 0.785. For hexagonal packing (see Figure 12 ), = 0.907. Figure 11 . Square packing of nanoparticles. Figure 11 . Square packing of nanoparticles. 
Oil-in-water (O/W) Emulsions
For oil-in-water (O/W) emulsions, the thickness of the interfacial layer of nanoparticles protruding into the matrix aqueous fluid (see Figure 13 ) is given as follows [10] :
where is the three-phase contact angle measured through the aqueous phase. The radius * can be expressed as: * = + ℎ − = 1 + cos (41) 
where θ is the three-phase contact angle measured through the aqueous phase. The radius R * can be expressed as: where R d is the radius of bare emulsion droplet (see Figure 10 ). The mass of nanoparticles present on the surface of a single oil droplet can be calculated as follows: 
where is the three-phase contact angle measured through the aqueous phase. The radius * can be expressed as: * = + ℎ − = 1 + cos (41) Figure 13 . Thickness of interfacial layer of solid nanoparticles protruding into the continuous phase of an emulsion.
where is the radius of bare emulsion droplet (see Figure 10 ). The mass of nanoparticles present on the surface of a single oil droplet can be calculated as follows: From Equations (39) and (42) it follows that:
The mass of the matrix fluid attached to the interfacial layer of nanoparticles is as follows:
Thus the effective density of an oil droplet of a Pickering O/W emulsion can be expressed as:
ρ d,e f f = m bare−droplet + m nanoparticles + m matrix− f luid−immobilized / 4πR 3 e f f /3 (45) where R e f f is the effective radius of the composite droplet (R e f f = R d + h) and m bare−droplet is the mass of the bare oil droplet given as 4πR 3 d /3 ρ o where ρ o is the oil density. Using the effective density of a droplet given by Equation (45), the rise velocity of a single Pickering oil droplet suspended in water matrix can now be calculated from the following modified Stokes law: For the PSNPMO-OW Pickering emulsion (Figure 14) , the Stokes rise velocity of a Pickering oil droplet increases initially with the increase in contact angle, reaches a maximum value, and then falls off with further increase in the contact angle. The relative density of a single composite droplet shows the opposite behavior in that the density initially decreases, reaches a minimum, and then rises with further increase in the contact angle. With the increase in contact angle initially from a value of zero, the mass of the attached high-density matrix fluid to the droplet is decreased as the matrix fluid is displaced with the increase in contact angle. Consequently the density of the composite droplet decreases and there occurs a corresponding increase in the Stokes rise velocity due to an increase in For the PSNPMO-OW Pickering emulsion (Figure 14) , the Stokes rise velocity of a Pickering oil droplet increases initially with the increase in contact angle, reaches a maximum value, and then falls off with further increase in the contact angle. The relative density of a single composite droplet shows the opposite behavior in that the density initially decreases, reaches a minimum, and then rises with further increase in the contact angle. With the increase in contact angle initially from a value of zero, the mass of the attached high-density matrix fluid to the droplet is decreased as the matrix fluid is displaced with the increase in contact angle. Consequently the density of the composite droplet decreases and there occurs a corresponding increase in the Stokes rise velocity due to an increase in the density difference between the composite droplet and matrix fluid. However, with further increase in the contact angle, the amount of the matrix fluid displaced is little but the effective radius of the composite droplet becomes smaller and smaller resulting in an increase in the effective density of a composite droplet and the corresponding decrease in the Stokes velocity. Upon increasing the packing density of nanoparticles from square packing to hexagonal packing, the relative density curve of Pickering oil droplet shifts upward to higher densities, as expected. The Stokes rise velocity curve shows the opposite behavior in that it shifts to lower velocities due to decrease in the density difference between the Pickering oil droplet and matrix fluid.
For the SNPCO-OW Pickering emulsion (Figure 15 ), the composite oil droplets are no longer able to cream or rise in the matrix fluid as the effective density of the Pickering oil droplets exceeds the density of the matrix fluid. Note that the oil density (ρ o = 960 kg/m 3 ) is now close to that of the matrix fluid density (ρ w = 997 kg/m 3 ) and that the silica nanoparticles have a high density (ρ np = 2650 kg/m 3 ). The relative density and Stokes settling velocity of Pickering oil droplet increase with the increase in the contact angle. The relative density increases with the increase in the contact angle due to a decrease in the effective radius of the composite droplet. The Stokes settling velocity increases due to an increase in the density difference between the composite droplet and matrix fluid. With the increase in the packing density of nanoparticles from square packing to hexagonal packing, the relative density curve of Pickering oil droplet shifts upward to higher densities, as expected. The Stokes settling velocity curve also shifts upward to higher velocities due to an increase in the density difference between the Pickering oil droplet and matrix fluid.
Water-in-oil (W/O) Emulsions
For water-in-oil (W/O) emulsions, the thickness of the interfacial layer of nanoparticles protruding into the matrix fluid (oil) is given as follows [10] :
where θ is the three-phase contact angle measured through the aqueous phase. The radius R * can be expressed as:
The mass of nanoparticles present on the surface of a single water droplet can be calculated from Equation (43) . The mass of the matrix fluid attached to the interfacial layer of nanoparticles is as follows:
Thus the effective density of a water droplet of Pickering W/O emulsion can be expressed as:
where R e f f is the effective radius of the composite droplet (R e f f = R d + h) and m bare−droplet is the mass of the bare water droplet given as 4πR 3 d /3 ρ w where ρ w is the water density.
Using the effective density of a droplet given by Equation (50), the sedimentation or settling velocity of a single Pickering water droplet suspended in oil matrix can now be calculated from the following modified Stokes law: For both PSNPMO-WO and SNPCO-WO Pickering W/O emulsions, the effective density of the composite water droplet decreases with the increase in the contact angle from 90 • to 180 • due to an increase in the effective radius of the composite droplet. The Stokes settling velocity of a Pickering water droplet decreases with the increase in contact angle due to a decrease in the density difference between the composite droplet and matrix fluid. Upon increasing the packing density of nanoparticles from square packing to hexagonal packing, the relative density curve of Pickering water droplet shifts upward to higher densities, as expected. The Stokes settling velocity curve also shifts to higher velocities due to an increase in the density difference between the Pickering water droplet and matrix fluid (oil). For both PSNPMO-WO and SNPCO-WO Pickering W/O emulsions, the effective density of the composite water droplet decreases with the increase in the contact angle from 90° to 180° due to an increase in the effective radius of the composite droplet. The Stokes settling velocity of a Pickering water droplet decreases with the increase in contact angle due to a decrease in the density difference between the composite droplet and matrix fluid. Upon increasing the packing density of nanoparticles from square packing to hexagonal packing, the relative density curve of Pickering water droplet shifts upward to higher densities, as expected. The Stokes settling velocity curve also 
Drift Flux of Emulsions
As noted in Section 3.2, the normalized drift velocity U Drift,N and the normalized drift flux J drift,N for emulsions over a broad range of droplet concentration can be expressed as: 4.65 (52)
where the effective volume fraction of Pickering droplets φ eff is given as:
The thickness h of the interfacial layer of nanoparticles protruding into the matrix fluid is given by Equation (40) for O/W emulsions and Equation (47) for W/O emulsions. Figure 18 shows the plots of normalized drift flux J drift,N versus φ for concentrated oil-in-water (O/W) emulsions for different values of contact angle. With the increase in contact angle, the normalized drift flux at high volume fractions of oil droplets increases due to a decrease in the effective volume fraction of the composite oil droplets. Figure 19 shows the plots of normalized drift flux J drift,N versus φ for concentrated water-in-oil (W/O) emulsions for different values of contact angle. With the increase in contact angle from 90 o to 150 • , the normalized drift flux at high volume fractions of water droplets decreases due to an increase in the effective volume fraction of the composite water droplets.
(O/W) emulsions for different values of contact angle. With the increase in contact angle, the normalized drift flux at high volume fractions of oil droplets increases due to a decrease in the effective volume fraction of the composite oil droplets. Figure 19 shows the plots of normalized drift flux J , versus for concentrated water-inoil (W/O) emulsions for different values of contact angle. With the increase in contact angle from 90 o to 150°, the normalized drift flux at high volume fractions of water droplets decreases due to an increase in the effective volume fraction of the composite water droplets. 
Conclusions
The creaming/settling behaviors of single droplet/particle and swarm of droplets/particles are reviewed briefly. The available experimental data on hindered creaming/settling of conventional emulsions and suspensions are interpreted in terms of a drift flux theory. The drift flux model describes the experimental data of creaming and sedimentation in conventional emulsions and suspensions adequately over a broad range of particle and droplet sizes provided that solvation of droplets/particles is taken into account. The unhindered and hindered creaming/settling behaviors of nanoparticle-stabilized Pickering emulsions are modelled. According to the proposed model, the key factors affecting the sedimentation and creaming of droplets in Pickering emulsions are: bare droplet size, size of nanoparticles, three-phase contact angle of the nanoparticles, and packing density of nanoparticles at the oil-water interface. The simulation results generated from the proposed model are presented and discussed. Experimental studies dealing with creaming/settling of single Pickering droplets and Pickering emulsions are lacking.
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Notation
A parameter in Equation (13) A p projected area of particle B parameter in Equation (13) C D drag coefficient D p diameter of particle F B buoyance force on the particle F D drag force on the particle F G gravity force (weight) on the particle F net net force on the particle g acceleration due to gravity h thickness of interfacial layer of nanoparticles protruding into the matrix fluid velocity U Dri f t,N normalized drift velocity of particle U l liquid phase velocity U m mixture (suspension) velocity U 0 unhindered terminal velocity of particle U p settling velocity of particle in suspension (hindered settling) U pm drift velocity of particle U R dimensionless velocity defined in Equation (14) 
